Abstract. The present study aimed to investigate the molecular markers indicative of early-stage hypothyroidism induced by treatment with iodine-131, in order to assist in further investigations of radio iodine-induced hypothyroidism. A total of 59 patients diagnosed with hyperthyroidism (male/female, 16/43; median age, 46.4 years) and 27 healthy subjects (male/female, 7/21; median age, 44.6 years) were included in the present study. All patients were treated with appropriate doses of iodine-131 and, three months following treatment, the patients were subdivided into two groups: A group with early-stage hypothyroidism symptoms, and a group with non-early-stage hypothyroidism, including euthyroid patients and patients remaining with hyperthyroidism. Tissue samples from the patients and healthy subjects were collected by fine needle biopsies, and the mRNA expression levels of B-cell lymphoma 2 (Bcl-2), nuclear factor (NF)-κB, Ku70, epidermal growth factor receptor (EGFR), early growth response 1 (Egr-1), TP53 and ataxia telangiectasia mutated were analyzed using reverse transcription-quantitative polymerase chain reaction prior to iodine-131 treatment. The association of the variation of target genes with susceptibility to early-stage hypothyroidism was analyzed. Compared with normal subjects, the mRNA expression levels of Ku70 (0.768, vs. 3.304, respectively; P<0.001) and EGFR (0.859, vs. 1.752, respectively; P<0.05) were significantly higher, whereas those of NF-κB (0.884, vs. 0.578, respectively; P<0.05) and Bcl-2 (1.235, vs. 0.834, respectively; P<0.05) were lower in the hyperthyroid patients. Following treatment with iodine-131, 30 of the 59 (50.8%) patients with hyperthyroidism were diagnosed with early-stage hypothyroidism, and in the early-stage hypothyroidism group, the mRNA expression levels of Bcl-2 were significantly decreased (P<0.05), whereas those of Egr-1 (P<0.05) were significantly increased, compared with the non-early-stage hypothyroidism group. The association between the changes in the expression levles of Bcl-2 and Egr-1 and susceptibility to early-stage hypothyroidism was supported by multivariate regression analysis. No significant changes in the expression levels of the other target genes were detected. The opposing changes in the mRNA expression levels of Bcl-2 and Egr-1 in patients with early-stage hypothyroidism indicates their potential as prognostic markers of early-stage hypothyroidism induced by iodine-131 treatment.
Introduction
Hyperthyroidism is a form of thyrotoxicosis characterized by inappropriately high levels of thyroid hormones synthesized and secreted by the thyroid (1) . Hyperthyroidism is a common endocrine disorder, which affects 0.5-2% of the population (2) . Although hyperthyroidism is not life threatening, untreated hyperthyroidism can lead to hypertension, heart failure and bone mass loss, as well as an increase in birth defects if the patient is pregnant (3) . The pathogenic mechanisms underlying hyperthyroidism are complex and multifactorial, however, several causes, including autoimmune defects, genetic predisposition and environmental factors have been well recognized (4) . Despite the complexity of the initiation and development of hyperthyroidism, radioiodine therapy (RAIT) is currently the most common method for the treatment of hyperthyroidism in clinical settings due to its safety, effectiveness and low cost (5, 6) . RAIT is based on short-range β radiation from radioactive iodine-131, which destroys part of the thyroid gland, but retains a certain quantity of thyroid tissue (7) . However, it has long been observed that hypothyroidism is one of the major side effects of RAIT, which poses additional risk to the patient. Previous studies have reported that hypothyroidism arises in 25-40% of patients who are
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treated with large doses of radioiodine (8) (9) (10) , however, fewer investigations have been performed to examine the diagnostic markers and the potential pathological mechanisms, which drive the development of hypothyroidism in certain susceptible patients following RAIT. Due to the similarity of the ionization radiation used in cancer treatment, the present study hypothesized that cellular signaling pathways mediating radiosensitivity and radioresistance may be associated with the development of hypothyroidism. Radiotherapy is one of the major therapeutic strategies for the treatment of human malignant tumors, however, a small number of cells are able to survive and gradually proliferate, reforming tumors with higher resistance to irradiation (11) . Extensive investigations have demonstrated that multiple signal transduction signaling pathways, including cell proliferation, apoptosis/anti-apoptosis and DNA damage response are associated with radioresistance and radiosensitivity (12) . Patients with ataxia telangiectasia are highly sensitive to irradiation due to a deficiency of the ataxia-telangiectasia mutated (ATM) protein (12) , a critical factor of the DNA double strand break repair signaling pathway. Another example is epidermal growth factor receptor (EGFR), which is frequently overexpressed in human tumors, and high expression levels of EGFR are correlated with radioresistance (13, 14) . To sensitize tumor cells to radiation, numerous drugs have been designed and developed to target proteins, which are essential for cell survival, in order to improve the prognosis of patients with cancer (15) . Since RAIT is an irradiation-based treatment, it is possible that functional factors, which are involved in cellular resistance or sensitivity, may contribute to susceptibility to hypothyroidism following RAIT, and the identification of these functional factors may improve current understanding of the molecular mechanism underlying RAIT-induced hypothyroidism, and improve diagnostic and treatment methods. To the best of our knowledge, the present study is the first to screen potential molecular markers of hypothyroidism in patients by quantitatively analyzing the mRNA expression levels of selected genes, including EGFR, ATM, TP53, Ku70, B-cell lymphoma 2 (Bcl-2), nuclear factor (NF)-κB, and early growth response protein 1 (Egr-1), which are central in cellular activities and have been demonstrated to be responsible for radioresistance in human tissues (16, 17) . The present study aimed to identify whether changes in the mRNA expression levels of these genes may serve as potential prognostic markers of early-stage hypothyroidism induced by iodine-131 treatment.
Patients and methods
Patients and tissue samples. This present case-cohort study featured a case cohort and a comparison cohort. A total of 59 patients diagnosed with hyperthyroidism at the First Affiliated Hospital of Xi'an Jiao Tong University (Xi'an, China) were randomly selected for the present study between May and October 2013. Hyperthyroidism was diagnosed on the basis of the following: i) High metabolic syndrome including increased heart rate, sudden weight loss or nervousness, enlarged thyroid gland, hand shaking or swelling or inflammation around eyes; ii) increased free thyroid hormones, decreased sensitive thyroid-stimulating hormone (sTSH) and elevated iodine-131 uptake by the thyroid. Prior to treatment, multiple indices were measured, including serum thyroid hormone levels, thyroid antibody levels, and a routine blood test (2 ml samples), liver and kidney function test, and electrocardiograph were performed in order to evaluate the physical condition of the patients. This was operated by the laboratory professionals (using radioimmunoassay). All patients were asked to avoid consuming seafood and drugs that may affect iodine-131 uptake 1 week prior to treatment until 3 months following treatment. Patients were not included in the present study if they presented with any of the following: i) Aged ≤12 years; ii) pregnant and lactating; (iii) presence of thyroid nodules that may be malignant; iv) history of thyroidectomy. Patients were treated with iodine-131 (Chengdu Gaotong Isotope Co., Ltd., Sichuan, China) orally in a capsule form, and the doses were calculated according to the formula described by Marinelli et al (18). Early-stage hypothyroidism assessment was performed 3 months following iodine-131 treatment by evaluating the levels of sTSH and thyroid hormone. The patients were divided into two groups: An early-stage hypothyroidism group, including subclinical hypothyroidism; and a non-early-stage hypothyroidism group, including euthyroid and hyperthyroid patients.
The comparison cohort included 27 healthy volunteers. No selected subject had been diagnosed with hyperthyroidism. All fine needle thyroid tissue specimens, including those of patients with hyperthyroidism and healthy volunteers, were collected according to the procedures approved by the Human Ethics Committee of the Xi'an Medical University, and all patients and control subjects provided written informed consent.
mRNA purification and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from the biopsy tissue samples using TRIzol ® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. The concentration of the purified total RNA was measured using a Nanodrop 1000 ultraviolet spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and the optical density 260/280 ratios were between 1.8-2.0. Total RNA was reverse transcribed into cDNA using QTM SYBR ® Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in a 10 µl reaction system containing 500 ng total RNA. The thermocycling conditions were as follows: 15 min at 37˚C and 5 sec at 85˚C. Quantification of the copy number was performed using qPCR with β-actin gene as the internal reference. qPCR was performed in a 20 µl volume system containing 2 µl cDNA, 12.5 µl SYBR ® Premix Ex Taq Um TM II (Takara Biotechnology, Co., Ltd., Dalian, China), 1 µl forward primer and 1 µl reverse primer, and 3.5 µl dH 2 O. The primer sequences of targeted genes and β-actin are presented in Table I . Primers were obtained from Takara Biotechnology, Co., Ltd. The thermocycling conditions were as follows: 15 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C for 40 cycles following an initial activating step for 2 sec at 50˚C, and a denaturing step for 10 min at 95˚C. A Bio-Rad CFX Manager thermal Cycler Dice™ real time PCR system was used (Bio-Rad Laboroatories, Inc.). The relative copy number of target genes was measured using the 2 -ΔΔCt method (19) . β-actin was used as an endogenous reference and each sample was repeated twice, with the mean values calculated for statistical analysis.
Statistical analysis. Statistical significance was examined using Student's t-test for comparison between two different groups. P<0.05 was considered to indicate a statistically significant difference when comparing two groups. Correlation between the changes in mRNA expression and the susceptibility of early-stage hypothyroidism was examined using multivariate logistic regression analysis. The level of gene expression was presented as mean ± standard deviation. All statistical analyses were performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA), and the type I error was set at 5%.
Results

mRNA expression levels of target genes in patients with hyperthyroidism and normal healthy subjects.
A total of 59 patients diagnosed with hyperthyroidism and 27 healthy subjects were included in the present study. To measure the mRNA expression levels of the selected target genes, seven sets of primers were designed, based on the National Center for Biotechnology database (http://www.ncbi.nlm.nih.gov/), and a pair of primers was designed for β-actin as an endogenous reference to normalize the expression levels of genes. Using fine needle biopsy, tissue samples from all patients (pre-treatment group) and volunteers (control group) were collected, and total the mRNA from each sample were extracted and reverse transcribed into cDNA. The cDNA products were then amplified using qPCR, followed by quantification of the mRNA expression levels using Bio-Rad CFX Manager. Compared with the control group, the mRNA expression levels of Ku70 and EGFR were significantly higher, and those of TP53 were marginally higher in patients with hyperthyroidism; however, the mRNA expression levels of Bcl-2, NF-κB and Egr-1 were markedly lower, and those of ATM were marginally lower in the patients with hyperthyroidism, compared with the healthy control group (Fig. 1) . Furthermore, regression analysis demonstrated that the mRNA expression levels of Bcl-2 and NF-κB were associated (R=0.399; P<0.001; Fig. 2 ) in the samples of patients with hyperthyroidism ( Fig. 2) .
Comparison of target mRNA expression levels in early and non-early-stage hypothyroidism. Iodine-131 was administered orally to all patients, the dose of which was to the previously a formula previously described by Marinelli et al (18). At 3 months post-treatment, the serum indices were measured, and 30 patients were identified with early-stage hypothyroidism symptoms, including decreased levels of FTH and increased levels of sTSH (including subclinical hypothyroidism). Subsequently, the 59 patients were divided into an early-hypothyroidism group, which included the 30 patients Table I . Primer sequences of the target genes and β-actin for reverse transcription-quantitative polymerase chain reaction. Bcl-2, B-cell lymphoma 2; EGFR, epidermal growth factor receptor; Egr-1, early growth response 1; NF-κB, nuclear factor κB; ATM, ataxia telangiectasia mutated. with symptoms of hypothyroidism; and a non-early-stage hypothyroidism group, which included the remaining 29 patients who continued to exhibit hyperthyroidism. The mRNA expression levels of the target genes in the groups were then investigated. Notably, among the target genes, the mRNA expression levels of Bcl-2 were significantly lower in the patients of the early-hypothyroidism group, compared with the patients of the non-early-stage hypothyroidism group, and these expression levels were even lower than those of the patients of the pre-treatment and control groups (Fig. 3A) . This suggested that the decrease in the expression of Bcl-2 mRNA may be associated with the onset of early-stage hypothyroidism. In addition to Bcl-2, distinct changes in the mRNA expression levels of Egr-1 were observed. The mRNA expression levels of Egr-1 were markedly increased in the early-hypothyroidism group, compared with the non-early-stage hypothyroidism group, and these expression levels were comparable to those in the control group (Fig. 3B) . Although the present study did not provide further experimental data to address the potential significance of the increase in Egr-1 expression levels in patients with hypothyroidism, the association between Egr-1 and hypothyroidism merits further research. Notably, the mRNA expression levels of Ku70 and EGFR which were high in the pre-treatment group maintained these high levels in the early-hypothyroidism and non-early-stage hypothyroidism groups, which suggested that the increase was likely to be associated with the initiation of hyperthyroidism ( Fig. 4A  and B) . However, the mRNA expression levels of the other genes, including ATM, TP53 and NF-κB exhibited only marginal differences between the groups (Fig. 4C-E) .
mRNA expression levels of Bcl-2 and Egr-1 are associated with susceptibility to hypothyroidism. The present study further investigated whether the changes in mRNA expression levels were associated with susceptibility to hypothyroidism through a multiple logistic regression model. The statistical differences in the mRNA expression levels of ATM, TP53, EGFR, NF-κB and Ku70 were not significant between the early-stage hypothyroidism group and the non-early-stage hypothyroidism group. However, the model revealed that the regression coefficient of Egr- (Table II) . These results suggested that increasing the expression of Egr-1 is likely to increase the likelihood of developing early-hypothy- roidism, whereas the susceptibility to early-hypothyroidism is likely to be reduced if the expression of Bcl-2 is suppressed.
Discussion
It has long been recognized that each human disease has an underlying molecular mechanism, and the elucidation of these mechanisms is directly associated with the understanding of the cause, process and treatment of these diseases. Of numerous strategies, the identification of susceptible genes with expression levels, which are significantly altered in patients is one of the most widely used methods to investigate the basis of diseases in humans. Hyperthyroidism is one of most common autoimmune thyroid diseases, and several genes, including thyroid stimulating hormone receptor and thyroglobulin, which belong to thyroid-specific genes; and human leukocyte antigen (HLA) class II, cytotoxic T-lymphocyte-associated protein 4 and PTPN22, which belong to immunoregulatory genes, have been identified and recognized as risk factors of hypothyroidism (4). Other genes, including HLA class I, HLA-C, HLA-B, CD40 and Fc receptor-like 3 have also been subsequently identified, which has provided insight into the molecular mechanisms underlying the immunopathogenesis of hyperthyroidism (4) . Iodine-131 is currently the predominant drug used to treat hyperthyroidism, and one of side-effects, hypothyroidism, is almost always associated with this treatment strategy (6, (20) (21) (22) (23) . However, to the best of our knowledge, the unstable gene expression, which may be associated with hypothyroidism has not been investigated. As iodine-131 treatment induces genomic damage, (1) control group, (2) hyperthyroidism group, (3) early hypothyroidism group and (4) non-early-stage hypothyroidism group. Relative mRNA expression levels of (A) EGFR, (B) Ku70, (C) ATM, (D) TP53 and (E) NF-κB. EGFR, epidermal growth factor receptor; NF-κB, nuclear factor κB.
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demonstrated by the previous observation of increased micronuclei, and differences in individual radiosensitivity regulated by specific genes are the predominant factors that affect the efficacy of iodine-131 treatment (24) , the present study hypothesized that radioresistant/radiosensitive and/or cell proliferation-associated genes may be involved in the pathologic process of iodine-131-dependent hypothyroidism. Several genes, including EGFR, ATM, TP53, Ku70, Bcl-2, NF-κB and Egr-1, were selected in the present study, and their mRNA expression levels were quantified. Irradiation-induced DNA double strand breaks (DSBs) are the most life-threatening form of DNA damage, and ATM, Ku70 and TP53 are important in the DSB responses (25) . ATM is recruited to DSB sites in the initial stage of DNA damage response and is activated through the phosphorylation of serine 1981 (26) . This activated ATM then amplifies the DNA damage signal by recruiting more substrates to facilitate DNA repair. Ku70, initially described as an auto-antigen in the blood of patients with systemic lupus erythematosus, forms heterodimers with Ku80 (27) and functions in DNA damage repair via the non-homologous end joining (NHEJ)-mediated signaling pathway (28) . NHEJ is also required for antigen receptor gene rearrangements and the development of T and B cells in the vertebrate immune system (29). TP53 is a major downstream effector in the DNA damage signaling cascade, and the activation of TP53 is required for DNA damage-induced cell cycle arrest, as well as apoptosis if the DSBs are too severe to be repaired (30) . Our previous study demonstrated that neither the mRNA nor protein expression levels of TP53 are altered in response to iodine-131 exposure (31) . In the present study, the mRNA expression levels of ATM and TP53 were found to be sustained in patients with hyperthyroidism and the control group, whereas the mRNA expression levels of Ku70 increased markedly in the tissue samples of the patients with hyperthyroidism. However, the mRNA expression levels of the three targets were not significantly different between the early-stage hyperthyroidism and non-early-stage hyperthyroidism groups. However, the specific increase in the mRNA expression of Ku70 in patients, irrespective of iodine-131 treatment, indicated that Ku70 is likely a potential risk factor for hyperthyroidism.
Previous studies demonstrated that EGFR is required for thyroid growth as one of the membrane fractions of thyroid cells in normal and neoplastic tissues of various organs (32) (33) (34) . EGFR increases the proliferation of cultured dog thyroid cells, and enhances the DNA synthesis in cultured porcine thyroid cells (35) . In addition, significantly increased expression levels of EGFR have been reported in malignant thyroid tissue samples (36) . The present study demonstrated that the mRNA expression levels of EGFR were significantly increased in patients with hyperthyroidism, which is concordant with the observations described by Marti et al (37) , in which that nuclear expression of EGFR was enhanced in tissue samples of patients with Graves disease and goiter, compared with normal thyroid tissue samples. This indicates that the EGFR-dependent regulation of thyroid cell proliferation under pathological conditions may be associated with hyperthyroidism. However, the mRNA expression levels of EGFR remained unchanged following treatment with iodine-131.
NF-κB is involved in the signaling pathway of immune and inflammatory responses (38) . Nandakumar et al (39) demonstrated that NF-κB is activated patients with hyperthyroidism. Vinayagamoorthi et al (40) also demonstrated that the NF-κB signaling pathway is activated in lymphocytes in an L-thyroxin-treated hyperthyroid rat model. The present study demonstrated that the mRNA expression levels of NF-κB were significantly lower in patients with hyperthyroidism, compared with control subjects, which is concordant with the results of a previous study by Kumar et al (41) , who reported that triiodothyronine treatment activated NF-κB, however, protein expression levels of NF-κB were downregulated in response to persistent exposure (10 days) to triiodothyronine. Several studies have also demonstrated that NF-κB negatively regulates apoptosis by upregulating the expression of anti-apoptotic Bcl-2 (42-44); and Bcl-2 is involved in the selection and maintenance of long-lived memory T cells (45) . Bcl-2 protein expression levels are decreased in hyperthyroid rats (46) and in the lymphocytes of patients with hyperthyroidism (47) . The results of the present study also demonstrated that the mRNA expression of Bcl-2 was significantly lower in patients with hyperthyroidism, compared with healthy subjects, and this downregulation was positively correlated with a decrease in the expression of NF-κB, determined using the simple regression analysis. These data suggested that NF-κB and Bcl-2-mediated apoptosis may be involved in the onset of hyperthyroidism through disorder of immune responses. However, the mRNA expression levels of Bcl-2, but not NF-κB, further decreased in patients with iodine-131 therapy-induced early-stage hypothyroidism. In addition to the significant decrease in the expression of Bcl-2, higher mRNA expression levels of Egr-1 were detected in the tissue samples of patients with early-stage hypothyroidism, compared with the non-early-stage hypothyroidism group. Bcl-2 and Egr-1 are anti-apoptotic and pro-apoptotic genes, respectively, and the opposing changes in mRNA expression levels of the two genes in the early-stage hypothyroidism group suggested that dysregulation of apoptosis is a significant causative factor in hypothyroidism. Following stepwise-selected multivariate regression analysis of the seven gene targets, only Bcl-2 and Egr-1 exhibited characteristics as independent prognostic factors in early-stage hypothyroidism.
In conclusion, the results of the present study demonstrated that the mRNA expression levels of Ku70 and EGFR were markedly increased, whereas those of NF-κB and Bcl-2 were decreased in the tissue samples of patients with hyperthyroidism. The mRNA expression levels of NF-κB changed marginally, whereas those of Bcl-2 decreased further in the early-stage hypothyroidism group in response to iodine-131 treatment. In addition, the expression levels of Bcl-2 and Egr-1 were altered in an opposing manner in the early-hypothyroidism group, compared with the non-early-stage hypothyroidism group and hyperthyroidism group. Stepwise-selected multivariate regression analysis indicated that Bcl-2 and Egr-1 may serve as prognostic markers of early-stage hypothyroidism. However, the molecular mechanism underlying the association between changes in mRNA expression and the initiation of hyperthyroidism/hypothyroidism requires further investigation.
